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BACKGROUND 
Mercury control technology options for coal-fired boilers are ill-defined. 
Commercial development of mercury emissions control technologies has centered on 
high concentrations of mercury compared to the levels present in the flue gas 
from coal combustion, typically 5 to 10 pg/m3. In addition, most mercury in 
these commercial applications (medical waste and municipal sol id waste incinera- 
tors)1*2,’0 is in the form of HgC1,; flue gas from coal-fired units contains both 
ionic and elemental mercury. Reaction mechanisms may be different for these two 
species. Development work at the lower concentrations has centered on small 
scale, fixed-bed, laboratory s t u d i e ~ . ~ * ~ * ’ ~  Recent tests at coal combustion 
sources with sorbents such as and activated carbon4 have shown some 
mercury removal. However, neither the laboratory nor combustion tests completely 
address process design issues. In the laboratory studies, the actual process 
conditions are very different from those with coal; while in the combustion 
tests, it is difficult to vary the conditions. In addition, data reliability is 
poor because of the difficulty of mercury sampling and analysis. 

Mercury control, coal-fired boilers, flue gas analysis 

Development of mercury control technology for coal-fired flue gas requires: 

1. Accurate and reliable sampling and analytical techniques, including 
speciation o f  mercury, 

2. A thorough understanding of the effects of the combustion conditions and of 
the speciation of mercury on mercury removal, 

3. Identification of sorbents and process configurations for removal of 
mercury at the low levels present in coal-fired flue gas, and 

4. Waste management studies and economic evaluation of control technologies. 

Each of these factors is important in developing a process to control mercury 
emissions. To this end, a 0.2 MWe equivalent, continuous flow pilot plant was 
constructed at CONSOL R&D to evaluate the efficiency and cost of sorbent 
injection technology for mercury control, and to verify mercury sampling and 
analysis techniques. 

DESCRIPTION OF THE FACILITY 
The 0.22 Nm3/s (500 scfm) pilot plant i s  of sufficient size to provide a 
realistic process simulation while maintaining the capability to study the effect 
of potentially important variables such as sorbent/flue gas residence time, fly 
ash loading, and mass transport phenomena. It provides accurate and independent 
control of key process variables, including mercury concentration and speciation. 
The flue gas mercury concentration can be varied between 2 and 20 pg/m’, a range 
typical of coal combustion. By adding actual coal fly ash, the physical and 
chemical fly ash/ sorbent interactions are realistically simulated. Because the 
pilot plant is a flow system, the mass transfer conditions, temperature/time 
history, and gas/solid interactions can be varied t o  simulate conditions in a 
coal-fired power plant. 

The sorbent injection pilot plant accurately simulates flue gas downstream of the 
air preheater in a coal-fired boiler. The plant was designed to simulate a wide 
range of site-specific conditions by burning natural gas and by injecting the 
deficient components such as fly ash, CO , SO, and mercury compounds. Indepen- 
dent control of the temperature (38-265 ‘C, 100-400 O F ) ,  humidity, sorbent 
injection and sorbent recycle rate is maintained. The pilot plant was proven to 
be a reliable, accurate tool for desulfurization studies when its results for the 
Coolside processlwre scaled up to a 105 MWe demonstration at the Ohio Edison 
Edgewater plant. 

Figure 1 is a schematic of the 0.22 Nd/s (500) scfm sorbent injection pilot 
plant. Originally used in the development of the Coolside and Advanced Coolside 
desulfurization pro~esses,’~ it was modified for mercury control studies. The 
plant consists Of a flue gas generation system, a flue gas conditioner for 
temperature and humidity control, a mercury spiking system, fly ash and sorbent 
injection systems, a sorbent recycle system, flue gas duct work, particulate 
removal systems (cyclones and a baghouse), a waste handling system, and flue gas 
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ana lys is  systems. The p i l o t  p l a n t  provides accurate and independent con t ro l  of 
f l ue  gas temperature and composition. Accurate con t ro l  o f  mercury concentrat ion 
and spec ia t ion  i n  t h e  s imulated f l u e  gas i s  maintained independently o f  t he  b u l k  
f l u e  gas composition. The feed and e f f l uen t  sorbent streams and f l u e  gas stream 
can be sampled. The p i l o t  p l a n t  i s  instrumented and automated f o r .  process 
con t ro l  and data c o l l e c t i o n .  A na tu ra l  gas combustor, a steam i n j e c t i o n  system 
and the  f l u e  gas cond i t i one r  a re  used t o  cont ro l  f l u e  gas humid i ty  and 
temperature independently. Control  loops on these systems a l l ow  f l u e  gas 
temperature t o  be maintained au tomat ica l l y  between 38 and 205 'C w i t h i n  i0.5 'C 
(100 and 400 'F w i t h i n  i1 'F) and the  approach t o  ad iabat ic  sa tu ra t i on  t o  be 
c o n t r o l l e d  w i t h i n  i0.5 'C ( t l  O F ) .  

The feed system f o r  elemental  mercury cons is ts  o f  mercury-containing permeation 
tubes, a constant temperature bath and an i n e r t  c a r r i e r  gas. The tubes are 
commercially ava i lab le ,  and are an accurate, reproduc ib le  method f o r  feeding 
mercury. The temperature o f  the  tubes i s  con t ro l l ed  t o  w i t h i n  iO.01 'C 
(f0.02 'F) by a constant temperature bath. The permeation r a t e  f o r  t he  tubes i s  
ca l i b ra ted  by weighing the  tubes over a known per iod.  I n  long-term tes ts ,  weight 
l oss  o f  t he  tubes i s  used t o  v e r i f y  t he  mercury mater ia l  balance. Mercur ic 
ch lo r i de  i s  fed  by a separate, s i m i l a r  subsystem. S im i la r  c a l i b r a t i o n s  were 
c a r r i e d  ou t  on the  HgC1, feed system. t o  the  f l u e  gas 
independently, t he  amount and spec ia t ion  o f  mercury are con t ro f l ed  t o  w i t h i n  5%. 

The so l i ds  a re  c o l l e c t e d  us ing  a cyclone o r  a baghouse. The sorbent co l l ec ted  
by the  cyclone i s  almost instantaneously removed from contact  wi th  the  f l u e  gas 
stream. Th is  al lows s o l i d s  t o  be co l l ec ted  a f t e r  a short ,  we l l - con t ro l l ed  
contac t  t ime with the  f l u e  gas (1-3 sec). With two p a r a l l e l  p a r t i c u l a t e  
c o l l e c t i n g  devices, i n -duc t  removal can be measured separately f rom baghouse 
removal. The in -duc t  mercury removal a l lows es t imat ion  o f  the  Hg removal i n  an 
ESP-equipped unit. 

Recycl ing the  f l u e  gas reduces reagent cos ts  and ass i s t s  i n  ma in ta in ing  a 
cons is ten t  f l u e  gas composi t ion.  A l a rge  f ixed-bed carbon f i l t e r  prevents 
recyc le  o f  Hgo o r  HgC1, no t  removed by the  sorbent. 

For  a l l  t he  f l u e  gas sampling tes ts ,  t he  simulated f l u e  gas contained 1000 ppmv 
SO,, 10% 0,, and 1% CO,, and had a sa tu ra t i on  temperature o f  52 'C (125 ' FJ .  
The f l u e  gas f l o w  was accura te ly  con t ro l l ed  and monitored w i th  a thermal 
d ispers ion  mass flowmeter, and checked by standard manual procedures ( p i t o t  
tube/d i f fe ren t ia l  pressure gauge). The gas sampling was conducted i n  a sec t ion  
o f  t he  p i l o t  p l a n t  duct loca ted  approximately 16.8 m (55 ft) downstream o f  t he  
mercury i n j e c t i o n  po in t .  There a re  a gas d i s t r i b u t i o n  p l a t e  i n  the  duc t  j u s t  
downstream o f  t he  i n j e c t i o n  p o i n t  and several d i r e c t i o n  changes o f  t he  f l u e  gas 
(90' bends) p r i o r  t o  sampling t o  d i s t r i b u t e  mercury i n  the  f l u e  gas. 

TEST PROGRAI 
I n i t i a l  ODerations 
V e r i f i c a t i o n  and, i f  necessary, improvement o f  sampl i ng /ana ly t i ca l  techniques i s  
the f i r s t  t ask  i n  the  exper imental  program. Accuracy and r e l i a b i l i t y  are 
c r i t i c a l  f o r  measuring f l ue  gas mercury concentrat ion,  f o r  determining specia- 
tion, t o  p rov ide  r e l i a b l e  da ta  f o r  process development, and f o r  scale-up t o  
commercial app l i ca t i on .  Because t h e  mercury concent ra t ion  and spec ia t ion  are 
accurately c o n t r o l l e d  i n  the  p i l o t  p lan t ,  any e r r o r  i n  the  sampl ing/analyt ical  
methods can be determined. 

Sorbent Evaluation/OeveloDment 
I d e n t i f i c a t i o n  o f  an inexpensive, e f fec t i ve  sorbent i s  a pr imary ob jec t i ve  o f  
th is  work. Understanding the  e f fec ts  of  temperature, humidi ty and mercury 
speciat ion on sorbent performance i s  c r i t i c a l  f o r  designing a v i a b l e  process. 
To achieve t h i s ,  s t a t i s t i c a l l y  designed screening t e s t s  w i l l  be performed on each 
candidate sorbent. For candidate sorbents, s i g n i f i c a n t  process var iab les  w i l l  
be explored i n  more d e t a i l .  Steady-state tes ts ,  w i th  sorbent recyc le ,  w i l l  be 
made w i t h  the  most c o s t - e f f e c t i v e  sorbents.  These runs w i l l  l a s t  t w o  t o  th ree  
days, u n t i l  s teady-s ta te  cond i t ions  a r e  demonstrated by so l  i d  ana lys is .  

By adding Hg' and HgCl 

Waste Wanaaement Studies 
Several important techn ica l  issues i nvo l ve  waste management. These inc lude 
mercury leaching, r e v o l a t i l i z a t i o n  and the  impact o f  mercurv on ash u t i l i z a t i o n .  
However, u t i l i z a t i o n  o f  s o l i d  waste i s  p re fe rab le  t o  d i spoG1 and can acce le ra te  
commercialization. The program w i l l  eva lua te  op t ions  f o r  waste u t i l i z a t i o n ,  w i t h  
emphasis on the  h igh  volume use o f  t he  ma te r ia l  i n  cons t ruc t ion .  A successful 
approach t o  e l im ina te  o r  reduce the  need f o r  waste disposal  represents a 
subs tan t ia l  improvement i n  the  s t a t e  o f  sorbent i n j e c t i o n  processes. 

Economics 
Engineering and economic s tud ies  w i l l  be conducted t o  determine the  f e a s i b i l i t y  
o f  process operat ions.  Sorbent i n j e c t i o n  processes have inhe ren t l y  low c a p i t a l  
costs;  therefore,  sorbent cost  i s  a key issue. Hydrated l i m e  may be e f f e c t i v e  

a44 



for removing Some ionic mercury and is low in cost; however it may not be 
effective in removing elemental Hg. High surface area activated carbons are 
expensive ($0.50-0.80/kg ($450-1000/ton)), and chemically impregnated sorbents 
are even more expensive by a factor of five. The minimum amount of sorbent 
required is not known and likely will vary among applications. The potential of 
recycle to increase sorbent utilization also will be addressed. lntegration of 
FercurY control with other flue gas treatment systems represents a significant 
improvement in the process economics. Process economic studies also will allow 
research to focus on areas of the most potential benefit to process economics. 

INITIAL RESULTS 
Mercury Feed s tern 
Calibration ofYshe elemental mercury (Hg') and mercuric chloride (HgC1,) feed 
System showed a high degree of accuracy and precision. In replicate tests of 
weight loss vs time, the variation from the amount of Hg' or HgC1, fed at a 
particular calibration condition was &4% or less for Hg and i6% for HgC1,. 
Figure 2 shows the Hg' calibration data. In these tests, the weight loss of 
several of the commercially available Hg' permeation tubes was measured as a 
function of temperature. In these calibration tests, emphasis was placed on 110 
and 114 'C, the typical temperatures of the Hg' feed system pilot plant opera- 
tions. Six calibration runs were made at each of these two temperatures. 
Similar precision was obtained in the calibration of the HgC1, feed subsystem. 
Figure 3 shows the amount of HgC1, evolved at three different calibration 
conditions. The data represent four to six replicate tests at each calibration 
condition. 

i- made in which Hg' and/or HgCl were added to the 
pilot plant flue gas, and the gas sampled using EPA Method 28, followed by cold 
vapor atomic absorption (CVAA) analysis of the impingers solutions.14 The flue- 
gas mercury concentration in these tests was 4 to 24 pg/m3, typical of concentra- 
tions found downstream of a coal-fired boiler. Figure 4 shows that in tests with 
only Hg' addition, there was very good agreement between the Method 29 gas 
sampling/analysis results and the amount of Hgo fed to the flue gas via the feed 
system. The mercury concentration in the flue gas based on Method 29 results was 
10 to 12.5 pg/n?, compared to 9 to 9.5 pg/d based on feed system calibration. 
In the HgC1, tests, the flue gas mercury concentration based on sampl ing/analysis 
was, on average, 30% lower than that based on the feed system calibration 
(Figure 4 and Table I). It appears that the ionic mercury present in the pilot 
plant flue gas was not entirely recovered and/or detected by the Method 29 
sampling train and analytical procedures. The accuracy of the mercury feed rates 
were further confirmed by injecting a large excess of activated carbon at low 
temperature (c93 'C or 200 'F) ,  and measuring the mercury captured by analysis 
of the sorbent recovered from the baghouse. 

Table 1 shows that the ionic mercury (HgC1 ) was in general evenly distributed 
between the front impingers containing nitr%c acid and peroxide and the back set 
of impingers containing permanganate and sulfuric acid. This was true in several 
tests in which the mercury concentration in the flue gas was varied. These 
results are contrary to reported assumptions that ionic mercury is primarily 
captured in the front impinger~.~*~," All the elemental mercury was captured in 
the back set of impingers (permanganate), which agrees with reported assump- 
tions.4'6''1 Additional testing will be done to further investigate mercury 
capture and speciation by Method 29. 
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TABLE 1. CAPTURE OF ELEMENTAL AND IONIC MERCURY IN METHOD 29 SAMPLING TRAIN 

Test 

A 
B 

Mercury Recovered i n  Impingers, 
% o f  To ta l  Mercury Fed 

Species Fed KMnOJH$O, 

48 
34 
38 
10 
38 
<4 
<4 

39 
42 
24 
31 
29 
134 
106 

846 



/ 

I 

I 

I 

Figure 1. Schematic o f  CONSOL Sorbent Injection Pilot Plant 

Figure 2. Calibration o f  Elemental Figure 3. Calibration o f  Mercuric 
Mercury Feed System. Chloride Feed System. 
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Flue Gas Mercury by Feed Callbralion pg/m' 

Figure 4. Comparison o f  Flue Gas Mercury Concentration 
Based on Method 29, with Concentration Based on 

Mercury Feed System Calibration. 
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